We present a systematic study of the ac susceptibility of the chiral magnet Fe1−xCoxSi with x = 0.30 covering four orders of magnitude in frequencies from 0.1 Hz to 1 kHz, with particular emphasis to the pronounced history dependence. Characteristic relaxation times ranging from a few milliseconds to tens of seconds are observed around the skyrmion lattice A-phase, the helicalto-conical transition and in a region above TC . The distribution of relaxation frequencies around the A-phase is broad, asymmetric and originates from multiple coexisting relaxation processes. The pronounced dependence of the magnetic phase diagram on the magnetic history and cooling rates as well as the asymmetric frequency dependence and slow dynamics suggest more complicated physical phenomena in Fe0.7Co0.3Si than in other chiral magnets.
INTRODUCTION
The discovery of skyrmion lattices in cubic helimagnets such as MnSi, 1 FeGe, 2,3 Cu 2 OSeO 3 4-6 and Fe 1−x Co x Si 7,8 has increased the interest in noncentrosymmetric magnetic materials with DzyaloshinskyMoriya interactions. 9, 10 The skyrmion lattice phase is a periodic array of spin vortices observed in the A-phase, a region in the magnetic field (B) -temperature (T ) phase diagram below the critical temperature T C , and was first observed in reciprocal space in a single crystal of MnSi by neutron scattering 1 and subsequently in real space in a thin film of Fe 0.5 Co 0.5 Si by Lorentz Transmission Microscopy. 7 The chiral skyrmions that form the skyrmion lattice are non-coplanar and topologically stable spin textures with dimensions significantly larger than the inter-atomic distances. [11] [12] [13] [14] The potential application of skyrmions as low-current high-density information carriers and in other spintronic devices as well as the unexplored magnetic properties drive the scientific interest in this nonconventional magnetic ordering.
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The helical order at zero field is stabilized in the pseudo-binary compound Fe 1−x Co x Si in a wide range of chemical substitution of 0.05 < x < 0.8. [18] [19] [20] As for other members of the B20 group such as MnSi and Cu 2 OSeO 3 , this helical order is a result of the balance between the strong ferromagnetic and the weaker Dzyaloshinsky-Moriya (DM) interactions that arises from the non-centrosymmetric crystal structure. The B -T phase diagrams of Fe 1−x Co x Si compounds are quantitatively similar to each other and to the other B20 group members. Below T C , three ordered states dominate the phase diagram: a helical phase occurring at low fields B <B C1 , where the weak anisotropy fixes the orientation of the helices typically along the 100 or 111 crystallographic directions, a conical phase for intermediate fields
, where the magnetic field overcomes the anisotropy and orients the helices along the magnetic field, and the A-phase close to T C , where the skyrmion lattice phase is stabilized. Magnetic fields exceeding B C2 overcome the DM interactions inducing a field-polarized state.
The ability to tune important physical properties by chemical substitution as well as the high degree of chemical disorder make Fe 1−x Co x Si of particular interest among the B20 compounds. 21 In particular, the amount of chemical substitution changes both the sign and the magnitude of the DM-interactions. It thus affects the T C that ranges from a few Kelvin to 50 K and the magnetic chirality which changes from left handed to right-handed at x = 0.65. 22 Additionally, it alters the pitch of the helical ordering from ∼30 nm to ∼200 nm as this pitch is proportional to the ratio of the ferromagnetic exchange to the DM interactions.
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Different from the archetype chiral system MnSi and other systems of the same family, Fe 1−x Co x Si appears to have a phase diagram depending on the magnetic history 8, 24, 25 and also on the applied cooling rates through T C . 25 Additionally, neutron scattering shows that skyrmion lattice correlations may persist down to the lowest temperatures depending on the magnetic history of the sample. 8, 25, 26 Several DC magnetization 18, 20, 24, [27] [28] [29] and some AC susceptibility studies have been performed so far, but only with an AC drive frequency of 30 Hz 30 and 1000 Hz. 21, 24 Based on these studies, phase-diagrams have been deduced for a wide range of chemical substitution and field directions but no attention has been devoted to the frequency dependence.
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The AC susceptibility measurements presented here for Fe 0.7 Co 0.3 Si complement previous neutron scattering as well as AC susceptibility studies as they span a broad frequency range of four orders in magnitude, from 0.1 Hz to 1000 Hz and have a particular emphasis on the inarXiv:1608.00404v2 [cond-mat.mtrl-sci] 31 Oct 2016 fluence of the magnetic hysteresis and the applied cooling rate. The results confirm the history dependence reported earlier and show a strong dependence of the imaginary component of the AC susceptibility on the AC drive frequency around the A-phase, helical-to-conical transition and in a region above T C . Around the A-phase, the distribution of relaxation frequencies is found to be broad and asymmetric, indicating the occurrence of multiple coexisting very slow relaxation processes.
The remainder of this paper is organized as follows. Section II discusses the experimental details, Section III the Zero Field Cooled (ZFC) AC susceptibility study at a frequency of 5 Hz and Section IV the magnetic history and cooling rate dependence and the B -T phase diagrams for both ZFC and Field Cooling (FC) at a frequency of 5 Hz. Section V confers the frequency dependence, Section VI shows B -T and phase diagrams for f = 0.1, 5 and 100 Hz after ZFC. Conclusions are given in Section VII.
II. EXPERIMENTAL DETAILS
The measurements were performed on a 20 mg single crystal of Fe 0.7 Co 0.3 Si originating from the same batch as the crystal studied previously by neutron scattering. 25, 31 . The crystal quality was tested with Laue X-ray diffraction and it was aligned with the [110] direction vertical within ± 10
• . The sample has an irregular shape and its longest direction was roughly vertically oriented.
The real χ and imaginary χ components of the AC susceptibility were measured with a MPMS-XL Quantum Design SQUID magnetometer using the extraction method. The DC field was applied along the vertical axis and the AC field of 0.1 ≤ B AC ≤ 0.4 mT was oriented parallel to the DC field. Several measurements in and around the A-phase at T = 41 K revealed that the susceptibility was independent of the ac field and subsequent measurements where performed with B ac = 0.4 mT. Three specific protocols that are similar to those adopted for the previous neutron scattering experiment 25 have been used:
• ZFC temperature scans: the sample was cooled from 60 K to 6 K under zero field. Then a magnetic field was applied and the signal was recorded by stepwise increasing the temperature. The system was brought to thermal equilibrium before the measurement at each temperature commenced.
• FC temperature scans: the sample was brought to 60 K where a magnetic field was applied. The temperature was then decreased stepwise and the measurements commenced once the system reached the thermal equilibrium.
• Fast FC temperature scans: the sample was brought to 60 K where a magnetic field was applied. The temperature was then decreased with 10 Kmin −1 to 30 K. Subsequently, the signal was recorded by decreasing the temperature stepwise and after waiting for the system to reach thermal equilibrium.
III.
ZFC AC SUSCEPTIBILITY AT 5 HZ Fig. 1 (a) depicts the temperature dependence of χ and χ at B = 0 mT and f = 5 Hz. A maximum in χ at T C ≈ 43.2 K marks the transition to the helical order, which is characterized by a pitch of ∼ 40 nm. 25, 31 In the helical ordered phase, χ drops by about 30% from its maximum value and remains almost constant for temperatures below 40 K, which is quantitatively similar to the behavior reported in the literature.
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At higher temperatures, the susceptibility follows a Curie-Weiss behavior as can be inferred from the linear relation of the inverse susceptibility with temperature displayed in Fig. 1(b) . The corresponding fit with the Curie-Weiss law χ = C/(T −T CW ) reveals a Curie-Weiss temperature of T CW = 51.6 ± 0.5 K and a Curie con-stant of 4.3 ± 0.1 m 3 mol −1 × 10 −5 , which translates to 1.4 µ B f.u. −1 and is as such in good agreement with the literature. 24 Deviations from the Curie-Weiss law occur for temperatures below 62 K, i.e. approximately 1.4 T C .
To evaluate the magnetic field dependence of the susceptibility, we display ZFC χ in Figs The corresponding evolution of χ is displayed in Figs. 2 (d)-(f) as a function of magnetic field. In these figures, two peaks around ∼20 and ∼45 mT are visible of which the latter one is slightly less intense. These peaks mark the boundary of the A-phase and appear for 34 K ≤ T ≤ 43 K and thus over a much broader temperature range than the dip in χ , which is only seen between T = 38 K and T = 42 K. Similar peaks in χ have also been observed at the boundary of the A-phase for MnSi 32 and Cu 2 OSeO 3 , 33 but in a considerably less wide temperature range.
Another, although small, increase in χ is observed at high fields and is observed clearly in Fig. 2 (f) . Additional measurements show that this feature does not disappear even at fields as high as 1 T. This non-zero χ persists above T C up to 50 K and for fields exceeding 40 mT and has a broad maximum around 46 K. A similar effect has also been reported for Cu 2 OSeO 3 33 and a more elaborate discussion of this feature, including its frequency dependence, will be presented in Section VI.
An overview of the temperature and magnetic field dependence of χ is given in Fig. 3 . A well-defined maximum is visible at T C at zero field. At 40 mT, the dip characteristic for the A-phase is visible slightly below T C . At a field B ∼ 60 mT, a kink appears at T = 46 K, which marks the split of the single maximum for fields B < 60 mT into two separate maxima for B > 60 mT. The low temperature maximum is related to the DM interaction and shifts to lower temperatures for increasing magnetic fields and marks the B C2 transition from the conical to the field polarized state. The high temperature maximum reflects the ferromagnetic correlations and shifts to higher temperatures for increasing fields.
A similar behavior has been reported for other chiral magnets as MnSi, 34 FeGe, 35 and Cu 2 OSeO 3 . 36 In these studies, the high temperature maximum has been interpreted as a smeared transition from the high-temperature paramagnetic to the low-temperature field polarized state 34, 35 and reflecting the classical ferromagnetic transition that would take place in the absence of DM interactions.
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To actually extract a magnetic phase diagram from the previously presented susceptibility results requires stringent criteria for the determinations of the critical fields B C1 and B C2 and the boundaries of the A-phase B A1 and B A2 . Several criteria have been used in the literature, such as the maxima of χ and the inflection points of χ . As it has been discussed previously for MnSi 32 and Cu 2 OSeO 3 , 33 different criteria lead to slightly different phase boundaries but not to significantly different physics. Fig. 4 displays the magnetic field dependence after ZFC of χ , its derivative dχ /dB and χ at T = 41 K, a temperature where all the phase boundaries are present. At the borders of the A-phase, the extrema of dχ /dB which correspond to the inflection points of χ , do not occur at exactly the same magnetic fields as the maxima of χ . In fact, the maxima of χ lead to a slightly smaller value for B A1 and a slightly higher one for B A2 and thus to a larger pocket for the A-phase than the inflection points of χ . A similar behavior has been found for both MnSi and Cu 2 OSeO 3 .
32,33 As χ is almost zero at both B C1 and B C2 , we choose the inflection points of χ to determine all the phase boundaries.
IV. HISTORY DEPENDENCE AT 5 HZ
The previous section only discussed the susceptibility after ZFC. However, it is known that there is a strong hysteretic behavior of Fe 1−x Co x Si 8,24,25 that also depends on the cooling rate. 25 For this reason, the ac susceptibility was also measured following the FC and Fast We start the discussion of the history dependence by comparing ZFC with FC. No differences exist above T C . Below T C , Figs. 5 (a) and (b) show a dip in χ centered around 40 K, which is due to the A-phase. This dip does not appear in Fig. 5 (c) , under a magnetic field of 50 mT, which exceeds B A2 .
At a lower temperature and for ZFC, χ drops from
. This reflects the conical-to-helical transition which occurs at lower temperatures for higher magnetic fields. No substantial decrease in χ is observed for FC, implying that the conical phase extends to the lowest temperatures.
Another difference between ZFC and FC χ is visible in Fig. 5 (b) at B = 40 mT in the conical phase between T = 20 K and 38 K. Here, χ is slightly lower after FC than after ZFC. This effect is enhanced for Fast FC. These differences are consistent with the previously reported neutron scattering results where it was shown that skyrmion lattice correlations persist in FC mode outside the A-phase and increase in intensity for higher cooling rates. 25 Similarly to the A-phase, such skyrmion lattice correlations would lead to a reduction of χ , which is consistent with our observations. The history, field and temperature dependence at 5 Hz of both χ and χ are summarized in the contour plots depicted in Fig. 6 . The helical phase shows up in the ZFC contour plot displayed in Fig. 6 (a) below B C1 and spans a wide section of the phase diagram. B C1 is temperature dependent, ranging from B ∼ 50 mT at T = 10 K to B ∼ 10 mT at T = 40 K.
This strong temperature dependence of B C1 is not visible in the contour map of χ for FC as shown in Fig.   FIG. 4 . Magnetic field dependence at T = 41 K of (a) χ in units of m 3 mol
and (c) χ in units of m 3 mol −1 ×10 −6 . The field was applied after ZFC. The local maxima/minima of dχ /dB define the lower critical field BC1, the higher critical field BC2, as well as the lower and upper boundaries of the A-phase BA1 and BA2. 
6(b).
In the Field Cooled case, the helical phase covers a much smaller section of the phase diagram and is suppressed to fields B C1 < 5 mT in favor of the conical phase that covers a much larger part of the phase diagram. This suppression of the helical phase is consistent with previous neutron scattering experiments 25 and with (ac) susceptibility measurements of Fe 1−x Co x Si with different degrees of Co doping. 24 This strong temperature and history dependence of B C1 has not been observed for MnSi and Cu 2 OSeO 3 , but is similar to the doped compounds Mn 1−x Fe x Si and Mn 1−x Co x Si, 37 , where the helical phase also covers a wide section of the magnetic phase diagram for ZFC.
In contrast to B C1 , the contour plots of χ displayed in Figs. 6 (a) and (b) show no history dependence for the borders of the A-phase and the upper magnetic field boundary of the conical phase B C2 . The A-phase appears as a region with a locally lower χ just below T C in both Figs. 6 (a) and (b) and is bound by the previously defined B A1 and B A2 . Figs. 6(c) and (d) reveal two clear regions with a non-zero χ around B A1 and B A2 . However, neither the lower nor the higher temperature limits of the A-phase are delimited by χ implying that the temperature induced transitions to the A-phase are fundamentally different from the field induced ones. This is similar to MnSi 32 and Cu 2 OSeO 3 .
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The evolution of B C2 as a function of temperature can be described over the whole temperature range of the measurements by the power law B C2 ∝ (T 0 − T ) Above T C , the inflection point of χ can be observed at B ∼45 mT for T = 46 K. At higher temperatures, this inflection point occurs at magnetic fields that increase linearly with increasing temperature extrapolating at zero field to T 0 . However, for T > 48 K, the minimum of dχ /dT becomes very broad and the deduced inflection points are very inaccurate. For this reason they are not displayed in Fig. 6 . The broad maxima in χ visible above T C do not depend on history and will be discussed more extensively in a following section.
V. FREQUENCY DEPENDENCE
The results presented at the previous two sections were obtained with an ac drive frequency of 5 Hz only. Nevertheless, the existence of a non-zero χ implies a frequency dependence for both χ and χ . This is shown for ZFC in Fig. 7 which displays χ and χ at T = 41 K as a function of magnetic field for several frequencies. phase does not depend on the frequency. The two sharp maxima of χ centered at B = 22 mT and B = 42 mT at the boundaries of the A-phase smoothen and soften with increasing frequency. We note that the baseline of χ (and χ ) is slightly higher at 1 kHz by ∼10 −7 m 3 mol −1 , which is likely due to the onset of eddy currents.
The plots of χ visible in Figs. 7 (c) and (d) show two sharp maxima close to B A1 and B A2 . These two maxima exhibit a strong frequency dependence as their amplitude decreases significantly for frequencies exceeding 50 Hz resulting in a ∼60% reduction at 1 kHz as compared with 50 Hz.
A more detailed picture of the effect of frequency on the ac susceptibility around the A-phase is given in Fig.  8 , which displays χ and χ after ZFC for T = 41 K as a function of frequency for several magnetic fields around B A1 and B A2 . Fig. 8(a) shows a relatively weak frequency dependence of χ that decreases monotonously with increasing frequency for every magnetic field. In accordance with the behavior shown in Figs. 7 (a) and (b), this dependence is larger for the lower magnetic field limit of the A phase. Figure 8 (b) reveals a very broad and asymmetric frequency dependence of χ . The scans show that the frequencies at which the maxima of χ occur vary strongly with field. Around B A1 , the characteristic frequency varies from ∼50 Hz at 20 mT to ∼10 Hz at 22.5 mT, ∼5 Hz at 25 mT, and is in the 0.1 Hz range at 27.5 mT. This indicates that the dynamics become significantly slower towards the center of the A-phase. A complementary behavior is found around B A2 where the characteristic frequencies increase substantially with increasing field. The corresponding macroscopic relaxation times indicate extremely slow dynamics in Fe 0.7 Co 0.3 Si that possibly originate from rearrangements of large magnetic volumes.
Further insights in the relaxation processes behind the frequency dependence is provided by the Cole-Cole formalism that has been modified to include a distribution of relaxation times centered around a characteristic relaxation frequency f 0 :
where ω = 2πf denotes the angular frequency, χ(0) and χ(∞) the isothermal and adiabatic susceptibility, respectively, τ 0 = 1/2πf 0 the characteristic relaxation time and α a parameter that provides a measure of the width of the distribution of relaxation frequencies, being zero for a single relaxation process and one for an infinitely broad distribution. A non-zero value of α hence implies a stretched exponential relaxation possibly due to a distributions of energy barriers in a phase-space landscape.
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Eq. 1 can be decomposed in the in-and out of phase components:
The resulting fits for χ are displayed in Fig. 8 (b) and show clear discrepancies at low frequencies and hence fail to accurately describe the entire frequency dependence of the data. The single relaxation process Cole-Cole formalism, even with substantially non-zero values for α required for the fits, fails to describe the frequency dependence of χ and χ . The behavior observed indicates the existence of several co-existing relaxation processes which might originate from a coexistence of multiple phases as evidenced by neutron scattering. 25 These relaxation processes occur at low frequencies in Fe 0.7 Co 0.3 Si and give rise to more complicated dynamics around the Aphase than in the non-doped compounds as for example Cu 2 OSeO 3 33 or MnSi. 
VI. PHASE DIAGRAM AND DISCUSSION
An overview of the effect of the frequency on the susceptibility over a wide magnetic field and temperature range is provided by Fig. 9 which displays contour plots of χ and χ at 0.1 Hz, 5 Hz and 100 Hz after ZFC. The helical-to-conical transition can be clearly identified by the increase in χ visible at B C1 in Figs. 9 (a)-(c) . On the other hand, Figs. 9(d)-(f) show that around B C1 χ is non-zero only at the lowest frequency of 0.1 Hz. This indicates that the helical-to-conical transition involves very slow dynamics and macroscopic relaxation times of the order of seconds. This is different from Cu 2 OSeO 3 where the characteristic frequencies of the helical-to-conical transition are of the order of ∼100 Hz 33 , but could be more similar to MnSi where the characteristic frequency may be well below 10 Hz 32 or even below 0.1 Hz.
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In addition, the contour maps of χ displayed in Figs regions with non-zero χ at the lower and higher magnetic field limit of the A-phase around B A1 and B A2 . Compared with 5 Hz, these regions span a smaller space in the B -T diagram at 100 Hz. This effect is enhanced for the 'pocket' of non-zero χ centered around 45 mT. At 0.1 Hz, the two pockets of non-zero χ seem to be larger than at 5 Hz.
Moreover, the contour maps of χ indicate that the non-zero values for χ visible at 5 Hz above T C and B C2 and centered around T = 46 K are also visible at 0.1 Hz, where χ is about an order of magnitude larger but have disappeared at a frequency of 100 Hz. A frequency scan at T = 46 K and B = 60 mT reveals a monotonous decrease of χ with increasing frequency above 0.1 Hz, implying that the characteristic relaxation time associated with this feature exceeds ten seconds. 43 This region of non-zero χ above B C2 at low frequencies has also been observed for Cu 2 OSeO 3 (0.8 Hz), 33 MnSi (5 Hz) 42,44 and the soliton lattice system Cr 0.33 NbS 2 44 and might be a more generic feature of (cubic) helimagnets. As the origin of this signal remains unclear, we intend to further investigate this feature in the future.
The occurrence of metastable skyrmion lattice correlations at low temperatures under field cooling with cooling rates of ∼0. are required to freeze the skyrmion lattice correlations below the A-phase. 17, [24] [25] [26] In other words, the slow decay of skyrmion lattice correlations is likely related to the high degree of chemical disorder in the system and can be (partially) prevented with conventional cooling rates.
VII. CONCLUSION
The systematic study of the AC susceptibility of Fe 0.7 Co 0.3 Si presented above confirms the dependence of the magnetic phase diagram on the magnetic history and the applied cooling rates reported in previous studies. The transitions between the helical, conical and A-phase can be derived from χ and show that for Zero Field Cooling the helical phase covers a wide section of the phase diagram with a critical field depending on temperature whereas no temperature dependence is found for Field Cooling.
The weak frequency dependence of χ is in sharp contrast with the strong frequency dependence of χ . Around the A-phase, this is an asymmetric and broad frequency dependence arising from several co-existing relaxation processes with characteristic relaxation times ranging from tens of milliseconds to several seconds. In addition, a χ signal is found at the helical-to-conical transition but only for the lowest frequency applied of 0.1 Hz. Moreover, a non-zero χ is observed above T C at low frequencies and in a wide region of the phase diagram. Albeit the numerous similarities with other chiral systems, the pronounced history and cooling rate dependence of the magnetic phase diagram on the magnetic history as well as the asymmetric frequency dependence and slow dynamics are special to Fe 0.7 Co 0.3 Si and suggest more complicated physical phenomena than in Cu 2 OSeO 3 and MnSi.
